Abstract. Cancerous inhibitor of protein phosphatase 2A (CIP2A) has been identified as an oncoprotein that is able to promote the proliferation of cancer cells. The role of CIP2A in the anticancer activity of bortezomib in colon cancer remains to be elucidated. In the present study, the antitumor effect of bortezomib was investigated and the role of CIP2A in determining the effect on colon cancer cells was identified. In the present study, bortezomib demonstrated an antitumor effect, as observed by WST-1 assay and flow cytometry. In addition, the mRNA and protein level of CIP2A was inhibited in a dose-dependent manner by bortezomib with quantitative PCR (qPCR) and western blotting. Furthermore, the inhibition of CIP2A with small interfering RNA by treatment with bortezomib inhibited proliferation, increased apoptosis and attenuated the invasion of the cells. Finally, the in vivo data demonstrated that bortezomib was able to decrease the growth of tumors, and that CIP2A was downregulated in the LoVo tumors treated with bortezomib. Therefore, CIP2A was shown to be important in the bortezomib-induced inhibitory effect on colon cancer.
Introduction
Colon cancer, the third most common malignancy worldwide, with more than 1 million new cases and 500,000 mortalities each year (1) , remains one of the most difficult tumors to treat. Common risk factors include obesity, smoking and a high lifetime intake of alcohol (2) (3) (4) . However, patients with colon cancer are almost always diagnosed at the advanced stage and thus are not eligible for curative therapies. The high mortality and recurrence rates demonstrate the aggressiveness of this cancer. The development of new efficient treatments for colon carcinoma are therefore urgently required.
Bortezomib is the first proteasome inhibitor to be approved for treating patients with multiple myeloma, lymphoma and other types of hematological malignancy (5) (6) (7) . Among the known targets of bortezomib in numerous types of cancer, nuclear factor-κB (NF-κB), intracellular NAD + levels and heat shock proteins have become the most analyzed targets of bortezomib in previous studies (8) (9) (10) (11) (12) . Furthermore, more and more studies have indicated that cancerous inhibitor of protein phosphatase 2A (CIP2A) is involved in bortezomib-mediated apoptosis (13) (14) (15) (16) . CIP2A, originally named KIAA1524 or P90, has been identified as an oncoprotein that is able to lead to the proliferation of cancer cells. In previous studies, CIP2A was overexpressed in certain types of tumor, including head and neck, gastric, colon and breast cancers (17) (18) (19) (20) . Previous studies (13) (14) (15) (16) indicated that CIP2A was the major molecular target in bortezomib-induced apoptosis in head and neck squamous cell carcinoma (HNSCC), triple negative breast cancer (TNBC), leukemia cells and hepatocellular carcinoma (HCC).
However, the role of CIP2A in the antitumor effect of bortezomib in colon cancer remains unclear. In the present study, the antitumor activity of bortezomib in different colon tumor cell lines and the role of CIP2A in the treatment with bortezomib in colon cancer were investigated.
Materials and methods
Cell lines and cultures. Three human colon cancer cell lines, LoVo, SW620 and HCT116, were obtained from the Shanghai Anorectal Institute (Shanghai, China). All the colon cancer cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibco-BRL), 100 U/ml penicillin G and 2 mM L-glutamine in a humidified, 5% CO 2 atmosphere at 37˚C. Bortezomib was purchased from Millennium Pharmaceuticals (Cambridge, MA, USA). The stock solutions were prepared in dimethyl sulfoxide (Gibco-BRL) and stored at -80˚C until use.
Cell viability analysis. The effect of bortezomib on colon cancer cell viability was determined by a WST-1 Cell Cytotoxicity Assay kit (Roche Diagnostics, Karlsruhe, Germany) in 5 to 10 replicates. The cells were seeded and incubated in 96-well plates (8.0x10 3 cells/100 µl/well) for 24 h, which were exposed to various concentrations of bortezomib (0, 40, 80 and 160 nM) for 48 h. The controls received WST-1 in 10% FBS-containing DMEM. Next, 10 µl WST-1 was added into each well and incubated at 37˚C for 2 h. The optical density (OD) at 450 nm and 630 nm was measured by a Benchmark microplate reader (Bio-Tek Elx800; Bio-Tek Instruments, Inc., Winooski, VT, USA). The data were obtained from three independent experiments.
Apoptosis analysis. Bortezomib-induced apoptotic cell death was measured by flow cytometry using the Annexin-V-FLUOS Staining kit (Roche Diagnostics), according to the manufacturer's instructions.
RNA isolation and quantitative PCR (qPCR).
Total RNA was isolated from cultured cells by TRIzol reagent (Invitrogen Life Technologies, Karlsruhe, Germany). The concentration and purity of RNA were determined by the OD 260 /OD 280 ratio. The cDNA synthesis was performed using the cDNA Synthesis kit (Roche, Basel, Switzerland), according to the manufacturer's instructions. qPCR was performed using the following specific primers: CIP2A forward, 5'-CAAATCACAGTTTTCCAACATCA-3' and reverse, 5'-TCCTTTACCACCATTCCAGAC-3'); and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) forward, 5'-TCGGAGTCAACGGATTTGGTCGT-3' and reverse, 5'-TGCCATGGGTGGAATCATATTGGA-3'. GAPDH was selected as an internal control. The conditions were 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 31 sec for 35 cycles. qPCR was performed with an ABI PRISM 7500 Sequence Detection System using the SYBR-Green I master kit (Roche Diagnostics). The results were normalized to the mRNA level of GAPDH.
Western blot analysis. The lysates of the LoVo cells treated with bortezomib at different concentrations for 48 h were prepared for the immunoblotting of CIP2A. The cells were suspended in lysis buffer containing 1 mM phosphatase inhibitor and 1 mM phenylmethylsulfonyl fluoride. The lysates were centrifuged at 16,060 x g at 4˚C for 20 min. Total protein (20 µg) extracts were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The membranes were inhibited with 5% skimmed milk in Tris-buffered saline and Tween 20, and then incubated with rabbit polyclonal CIP2A (Bethyl Laboratories, Montgomery, TX, USA) and rabbit polyclonal anti-β-actin (Bioworld Technology, Inc., St. Louis Park, MN, USA) antibodies. The immunoblots were scanned by ChemiDoc XRS (Bio-Rad, Hercules, CA, USA).
Gene-knockdown using small interfering (si)RNA. The siRNA reagents, including control CIP2A, were all purchased from Invitrogen Life Technologies. The siRNA-CIP2A sequence was as follows: forward, 5'-CCUACUGAUGGAUCUCCUUTT-3' and reverse, 5'-AAGGAGAUCCAUCAGUAGGTT-3'. The LoVo cells were plated in 6-well plates at 5x10 5 per well in 2 ml DMEM with 10% FBS. Briefly, the LoVo cells were transfected with siRNA (final concentration of 200 pM) in 6-well plates using Lipofectamine 2000 transfection reagent (Invitrogen Life Technologies), according to the manufacturer's instructions. The colon cancer cells were incubated with bortezomib, harvested and separated for relative qPCR and western blot analysis.
Cell invasion assay. The cell invasion assay was performed in a 24-well Transwell chamber with a pore size of 8 µm (Costar, New York, NY, USA). The inserts were coated with 30 µl Matrigel (1:2 dilution; BD Biosciences, Franklin Lakes, NJ, USA), then 1x10 6 LoVo cells in 100 µl serum-free medium were added to the upper Matrigel chamber and incubated for 48 h. The number of invaded cells were counted in eight random fields (magnification, x100).
Xenograft tumor growth. Eight-week-old male nude mice were purchased from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences (Shanghai, China). The mice were maintained in a specific pathogen-free environment. All experimental procedures were performed in accordance with protocols that were approved by the Committee for the Care and Use of Laboratory animals, Shanghai Laboratory Animal Center of the Chinese Academy of Sciences. Each mouse was inoculated in the dorsal flank with 10 6 LoVo cells suspended in 100 µl DMEM containing 50% Matrigel. When the tumors reached a volume of 100 mm 3 , the mice were injected (1 mg/kg body weight) twice weekly and the controls received the vehicle. Calipers were used to measure the tumor volume weekly. The tumor volumes were calculated according to the following formula: width 2 x length x 0.52 (21) .
Statistical analysis. Quantitative data are expressed as the mean ± standard error of the mean, which was obtained from three separate experiments. The statistical comparisons were based on t-test analysis. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS software (Windows version 17.0; SPSS, Inc., Chicago, IL, USA).
Results

Effect of bortezomib on viability and apoptosis in colon cancer cells.
In order to identify the antitumor effect of bortezomib on colon cancer cells, the inhibitory effect of bortezomib was assessed in LoVo, SW620 and HCT116 colon cancer cell lines at different concentrations. The cell viability was determined by a WST-1 assay following 48 h of treatment. As shown in mediates the bortezomib-induced inhibitory effect on TNBC, HNSCC, leukemia cells and HCC (13) (14) (15) (16) . The present study assessed whether CIP2A plays a significant role in the bortezomib-induced antitumor effect. Thus, whether bortezomib affected the transcription of CIP2A was examined. qPCR indicated that bortezomib inhibited the mRNA level of CIP2A in a dose-dependent manner (Fig. 2) Bortezomib downregulates the protein level of CIP2A in LoVo cells. Next, it was investigated whether the decreased mRNA level of CIP2A lead to a decreased protein level of CIP2A. Therefore, the protein level of CIP2A was examined in the LoVo cells treated with bortezomib. Whole cell extracts of the LoVo cells treated as described previously were subjected to western blotting with the CIP2A antibody. As shown in Fig. 3 , the protein expression was inhibited in a dose-dependent manner. This result was consistent with the mRNA level of CIP2A.
Knockdown of CIP2A increases the antitumor effect of bortezomib on colon cancer cells.
Since CIP2A appeared to be markedly inhibited by bortezomib, the following experiments were performed to validate the role of CIP2A signaling in the bortezomib-induced inhibitory effect on colon cancer cell lines, which was responsible for the effect in vitro. The protein expression of CIP2A was knocked down in the LoVo cell line using siRNA. Notably, proliferation differences between scrambled siRNA and CIP2A siRNA were observed (Fig. 4A) . The IC 50 values of scrambled siRNA and CIP2A siRNA were 170 and 90 nmol/l, respectively. Additionally, the downregulation of CIP2A sensitized the LoVo cell line and increased the apoptotic rate from 15.8 to 31.2% at a concentration of 80 nmol/l (Fig. 4B) . Furthermore, the LoVo cells were transfected with scrambled siRNA and CIP2A siRNA for 48 h. The invasion capability of the LoVo cells transfected with CIP2A siRNA was significantly inhibited at 48 h (LoVo control vs. CIP2A siRNA: 120±21 vs. 48±6 cells; Fig. 4C ).
Effect of bortezomib on colon cancer cell xenograft tumors.
To confirm whether the antitumor effect of bortezomib on CIP2A has clinical implications, the effect of bortezomib on xenograft tumors in vivo was examined. Tumor-bearing mice were exposed to bortezomib and the vehicle at 1.0 mg/kg twice a week. No pathological abnormalities were observed at necropsy. The data (Fig. 5A ) indicated that treatment with bortezomib twice a week had a marked inhibitory effect on the LoVo tumors ( * P<0.05), and the tumor size in the treatment 
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group was just 40% of that in the control group. Furthermore, to investigate the mechanisms underlying the biological response, CIP2A was examined in the LoVo cells by western blotting (Fig. 5B) . Overall, there was a clear decrease in CIP2A in the LoVo cells treated with bortezomib. These results were in line with the data of the LoVo cells treated in vitro.
Discussion
CIP2A has been identified as an oncoprotein that is able to stabilize the expression of the c-Myc protein. In addition, it is able to promote anchorage-independent cell growth and tumor formation in vivo. Furthermore, elevated expression of CIP2A has been investigated in numerous types of human malignancy, including prostate, gastric, bladder, ovarian and non-small cell lung cancers, hepatocellular carcinoma, acute myeloid leukemia and astrocytomas (16, 22, (24) (25) (26) (27) (28) (29) . Furthermore, with respect to colon cancer, CIP2A is overexpressed in colon cancer tissue compared with the normal colon mucosa. In addition, the knockdown of CIP2A has been shown to reduce proliferation and anchorage-independent colony formation (30). Liu et al indicated that CIP2A was important in numerous carcinomas and served as a novel therapeutic target (15) . Thus, the investigation of therapeutic CIP2A-targeted treatment is necessary. However, the function of CIP2A in the bortezomib-induced inhibitory effect in colon cancer cell lines is unclear. Therefore, the present study investigated the antitumor effect of bortezomib and identified the role of CIP2A that determined the antitumor action in colon cancer cells.
In the present study, bortezomib inhibited colon cancer cells in vitro and in vivo (Figs. 1 and 5A ). This result was in line with a previous study that indicated that bortezomib caused a dose-dependent reduction of cell viability and an increase of apoptosis in colon cancer cells (31) .
Furthermore, the mechanisms underlying the effect of bortezomib require further investigation. The present findings clearly demonstrated that the treatment of bortezomib was able to downregulate the mRNA and protein levels of CIP2A in a dose-dependent manner (Figs. 2 and 3) . It has been reported that c-Myc has a key role in colon cancer (30) . Additionally, CIP2A has been demonstrated to promote the phosphorylation of myc serine 62 and thereby prevent the proteolytic degradation of myc in numerous carcinoma cells (17) . Therefore, colon cancer growth may depend on the association between CIP2A and myc. Furthermore, the present findings clearly demonstrated that bortezomib treatment was able to downregulate the mRNA and protein levels of CIP2A in a dose-dependent manner (Figs. 2 and 3) . Thus, the anti-tumor effect of bortezomib may depend on the decreased expression of myc and CIP2A.
Furthermore, there are certain important indications that can be taken from the present study. CIP2A is important in the antitumor effect of bortezomib, which demonstrates that the antitumor effect of bortezomib does not necessarily rely on proteasome downregulation. Furthermore, the downregulation of CIP2A by siRNA was able to increase the efficiency of the antitumor activity of bortezomib (Fig. 4) , whereas the colon cancer cells with a high expression of CIP2A demonstrated less activity (Fig. 4) . The data were in line with previous studies that demonstrated that the downregulation of CIP2A was able to increase the efficacy of 5-fluorouracil, SN38 and oxaliplatin in colon cell lines (30) . However, the high expression of CIP2A has also been shown to increase the drug resistance to doxorubicin in breast cancer (32) . In addition, the results indicate that CIP2A may be a mediator of the antitumor effects of bortezomib rather than a bystander effect. Furthermore, these findings may imply that colon cancer cells with a high level of CIP2A expression may be more resistant to bortezomib. By contrast, the drugs that are able to clearly inhibit CIP2A expression may demonstrate significant sensitivity to the colon cancer cells.
At present, treating patients with molecular-targeted therapy is a popular approach. The present study discloses the fact that targeting CIP2A is able to improve the efficiency of bortezomib in colon cancer cell lines. This may offer a meaningful policy for clinical therapy in patients with colon cancer. However, despite the current findings, the manner in which bortezomib downregulates CIP2A remains to be elucidated and further mechanistic investigations are therefore necessary.
In summary, the present study demonstrated the antitumor activity of bortezomib and showed that the functional loss of CIP2A occurred through the action of bortezomib. In addition, the downregulation of CIP2A increased the antitumor efficiency of bortezomib. Finally, the in vivo data demonstrated that bortezomib was able to decrease the growth of tumors and that CIP2A was downregulated in the LoVo tumors treated with bortezomib. Taken together, the results of the present study indicated that CIP2A is important in the antitumor effect of bortezomib in colon cancer. The present study also demonstrated that oncoproteins may be a potential antitumor treatment.
